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I/-) . Abstract 



\f} ' The transverse lepton polarization asymmetry in tt^ decays may 

probe T-violating interactions beyond the Standard Model. Dalitz 
plot distributions of the expected effects are presented and compared 
to the contribution from the Standard Model final state interactions. 
We give an example of a phenomenologically viable model, where a 
^ ■ considerable contribution to the transverse lepton polarization asym- 

1} ' metry arises. 
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1 Introduction 

T-violation beyond the Standard Model is usually searched for in decays 
forbidden by time reversal symmetry. Another way to probe T-violation 
are measurements of T-odd observables in allowed decays of mesons. The 
well known example is K° — ► 7r + 7r~e + e~ decay, where T-odd correlation 
is experimentally observed [1] and coincides with theoretical prediction of 
the Standard Model [2]. Other widely considered T-odd observables are 
transverse muon polarizations (Pt) m K — > 717/1/ and K fj,wy decays. 
There is no tree level SM contribution to Pt in these decays, so they are 
of a special interest for search for new physics. Unfortunately, Pt is not 
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exactly zero in these decays even in T-invariant theory — electromagnetic 
loop corrections contribute to Pt and should be considered as a background. 
There are no experimental evidence for nonzero Pt in these processes at 
present time [3, 4], but the sensitivity of the experiments has not yet reached 
the level of SM loop contributions. 

In this paper we study the decays n — > ez/7 and n — > fiwy. Within 
the Standard Model, T-violation in these processes does not appear at tree 
level, but interactions, contributing to it, emerge in various extensions of SM. 
We shall demonstrate that 71727 decays are attractive probes of new physics 
beyond the Standard Model. Depending on the model, 7T/2 7 decays may be 
even more attractive than usually considered K i2l decays. 

Though 7T e27 decay has very small branching ratio (it is of order 1CT 7 ), 
we find that the distribution of the transverse electron polarization over the 
Dalitz plot significantly overlaps with the distribution of differential branch- 
ing ratio, as opposed to the situation with K^j decay. Moreover, the contri- 
bution of FSI (final-state interactions related to SM one-loop diagrams) to 
the observable asymmetry, being at the level of 10~ 3 , becomes even smaller 
in that region of the Dalitz plot, where the contribution from new effective T- 
violating interaction is maximal. Thus, 7r e 2 7 decay is potentially quite inter- 
esting probe of T-violation, though it is worth noting that the experimental 
measurement of electron or positron polarization is quite complicated. 

The 71^27 decay has much higher branching ratio than 7r e27 decay, and 
experimental measurement of muon polarization is simpler than that of elec- 
tron. Unlike in 7r e 2 7 decay, however, FSI contributions and contributions 
from T-violating interaction to the transverse muon polarization are of simi- 
lar shape, as we show in this paper. This means that only those new physics 
effects may be detected, which are stronger than FSI, but if this is the case 
then detecting T-violation in 71^27 needs much less pion statistics, than that 
required in the case of 7r e 2 7 . 

To demonstrate that pion decays may be relevant processes where the 
signal of new physics may be searched for, we present a simple model of 
heavy pseudoscalar particle exchange leading in the low energy limit to the 
T-violating four fermion interaction. We find the constraints on the parame- 
ters of this model coming from various other experiments and describe regions 
of the parameter space which result in large T-violating effects in 71727 de- 
cays. Depending on the parameters of the model, an experiment measuring 
transverse lepton polarization with pion statistics of 10 5 -j- 10 10 pions for 71^27 
decay and 10 8 -j- 10 13 pions for 7r e 2 7 decay is needed to detect the T-violating 
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effects (taking into account statistical uncertainty only and assuming ideal 
experimental efficiencies). 

The paper is organized as follows. In section 2 we introduce a generic 
effective four-fermion interaction giving rise to T-odd correlation of lepton 
transverse polarization and calculate the distributions of this polarization 
and of the differential branching ratio of 7r i27 decay over the Dalitz plot. 
In section 2.1 we estimate the contribution of the final state interactions 
to the observable asymmetry. Section 2.2 is devoted to the constraint on 
the effective Lagrangian coming from the measurement of 7r — > Ivi decays. 
Generically, this constraint is quite strong, but it becomes much less restric- 
tive if there is a hierarchy of the constants in the Lagrangian responsible for 
the observable T-violating effects. An example of a high energy model of T- 
violation is presented in section 3. The constraints on the parameters of this 
model emerging from the measurements of muon life-time, from the study 
of parameters of kaon mixing and from the experimental limit on neutron 
dipole moment are considered in sections 3.1, 3.2 and 3.3, respectively. It is 
shown that for generic values of the model parameters, the measurement of 
CP-violating parameter e forbids new observable T-violating effects in 7T/ 27 
decays, but if the parameters exhibit a special pattern, the T-violating effects 
in 7Tz2 7 may be large. 



2 T-violating effect in decay 

Let us consider the simplest effective four-fermion interaction 1 

£ cff = GpJ7 5 w-^(l+7 5 )Z + h.c. (1) 

that may be responsible for the T-violating effects in pion physics beyond the 
Standard Model. Indeed, the imaginary part of the constant G l p contributes 
to transverse lepton polarization in decays 7r^ . 

To calculate this polarization let us write the amplitude of the decay 
7r^2 in terms of inner bremsstrahlung (IB) and structure-dependent (SD) 
contributions [6, 7, 5] 

M = M m + M SD , 

Additional scalar, vector- or axial-type interactions do not contribute to lepton trans- 
verse polarization [5]. 



3 



with 



M m = te^= cos 9 c U mi e* a K a , M SD = -ie^| cos B C ^L V H^ , (2) 
where 

k° = «(*)(i + 75 ) ( p - - M+lfL\ v{Ph Sl ) , 

\pq 2piq J 

L u = u{k)^ v {\ - ^)v{p h Si) , 

H»» = ^(-g^pq + + i—e^q a p p . (3) 

m n m n 

with convention for Levi-Civita tensor e 0123 = —1. Here e a is the photon 
polarization vector, p, k, pi, q are the four-momenta of n + , u h l + , and 7, 
respectively, si is the polarization vector of the charged lepton, F v , Fa are 
vector and axial form factors of pion radiative decay; the effect coming from 
the Lagrangian (1) may be absorbed in the f n form factor 

U = fi(l + A l P ), /°« 130.7 MeV (4) 

with 



, V2G l P B 2 m 2 . 

Gri?cosy c m; (j^j m u + m<i 



2GeV . 



We write the components of si in terms of £, a unit vector along the 
lepton spin in its rest frame, as follows, 

(ft - p , s ° - 

so = — , s = £ + ~ET~ Pi ■ 

mi Ei + mi 

In the rest frame of tt + , the partial decay width into the state with lepton 
spin £ is found to be 

— * 

1 ^,2, 4 , N dq dpi dk 



rfr « > = h |M|W * " p • " 4 " 9) W w w ' 

with 

|M| 2 = po(a;, y) [l + (P L e L + P^eW + P T &r) • £ 
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where e*j (i = L, N, T) are the unit vectors along the longitudinal (Pl), normal 
(Pn) an d transverse {Pt) components of the lepton polarization, defined by 



eL 



\Pi\ 



e N 



fix (qx pi) 
Wi x (<? x Pi) I 



\Q x Pi I 



(5) 



respectively, and 
G 2 

p (x, y) = e 2 ^- cos 2 6» c (l - A) 



\x 2 



x 



+ mix 2 



4m 7r m i 



- Re[f n (F v - F A ) 



+ 2(i- n ) ( l - x - r {)~_ 

F v + F a\ 2 -^ (l-x- r -£)+\F v - F A \ 2 {y - A) 

Re[f n (F v + F A )*} (l 
1-y + X 



ri 



A 



with A = (x + y — 1 — ri)/x, T\ = mf/M 2 , and x = 2pq/p 2 = 2E y /m n and 
y = 2ppi/p 2 = 2Ei/m 7r are normalized energies of the photon and charged 
lepton, respectively. In terms of these variables the differential decay width 
reads 

dT{ ^ = 3^ mX > V >^\ 2dxd y = ^y 3 \M(x,X,i)\ 2 xdxdX (6) 
For the transverse lepton polarization asymmetry 

dY{e T ) + dT{—e T ) 

we find 
with 

1- A 



Pr(x,y) = -2e 2 G 2 F cos 2 9 c mlmi - a/ \y - A 2 - rj 



x jl m [^(F y + F A )*]^(l-x-^) +Im[/ W (F V -F A )*]| . 
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The asymmetry is odd under time-reversal (the sign of £e*T obviously 
changes under time-reversal), and P^ and Pl, defined analogously to (7), 
are even under time reversal. Moreover, one can show that interaction (1) 
does not contribute to Pjv and Pl [5]. One observes that Pt is proportional 
to imaginary part of Ap, so it is convenient to rewrite Eq. (7) in the following 
form 

P T (x, y) = [a v (x, y) - a A (x, y)\ ■ Im[A P ] , (8) 

where 

a v (x,y) = 2e 2 G F cos 2 fl c m> J°iy ^^f^ ^ " (l " * ~ j)) , 

a A (x,y) = 2e"Glcos%ml mi f^F A y^^i (±Z± + (l _ x _ ^ . 

Taking F v = -0.0259 (CVC prediction) and F A = -0.0116 [8, 9] we 
present in Figure 1 the contour-plot of [oy — a A ] as a function of x and y for 
7T e27 and 71^27 decays. 

As one can see, in a large region of kinematic variables, [cr v — cr A ] is about 
0.5 for the 7r e27 decay. This means that transverse electron polarization P T 
for this process, Eq. (8), is of the same order as Im[Ap] ~ 5x 10 3 -lm[Gp/G F ]. 
It is worth noting that the region of the Dalitz plot where large T-violating 
effect might be observed, significantly overlaps with the region where the 
partial decay width r(7r e27 ) is saturated (cf. Figures 1 and 2). This is in 
contrast to the situation with T- violation in K^-y decay (see, e.g., Ref. [5]), 
where the analogous overlap is small, so the differential branching ratio in 
the relevant region is smaller than on average. 

The situation with 7r^ 27 decay is less attractive: one finds that Im[A p ] ~ 
25 ■ lva[G P /Gp\ and [ay — cr A ] is of the order of 10~ 3 -r- 10~ 4 over the Dalitz 
plot. Moreover, the decay rate is saturated in the region of small x (low 
energy photons), where the T-violating effect is small. On the other hand, 
the branching ratio is larger by three orders of magnitude than that of 7r e27 
decay. 

2.1 Final-state interactions 

Now let us estimate SM contribution to the T-violating observable Pt- This 
contribution arises due to final-state interactions (FSI) — one-loop diagrams 
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Figure 1: The contour-plots for the function [ay — &a] for and 7r e27 
decays, which describe Pt distribution over the Dalitz plot (see Eq. (8)). 

with virtual photons. These diagrams are similar to the diagrams leading 
to FSI contribution in K — > //z^yy decay. The latter contribution was cal- 
culated in Ref. [10]. Thus FSI in rr/2 7 may be estimated by making use of 
corresponding replacements (uik fn-K, etc.) in formulae of Ref. [10]. The 
result is presented in Figure 3. 

For the 7r e27 decay, the (x, ^-distributions of FSI contribution and the 
contribution from the four-fermionic interaction (1) differ in shape. Specif- 
ically, part of the region with maximal Pt from four-fermion interaction 
(1) corresponds to the region of small Pt from FSI. This implies that if 
measured, Pt distribution could probe T- violating interaction (1) with an 
accuracy higher than Im[Af>] ~ 10~ 3 (ImfGp/Gp] ~2x 10~ 7 ). Again, this 
is not the case for K^-y decay (see Ref. [10]). 

For the 71^27 decay the situation is less promising. The contributions 
from the lagrangian (1) and from FSI are distributed over the Dalitz plot 
similarly. So one may hope to probe T-violating interaction only at the level 
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Figure 2: The distribution of differential branching ratios of 71^27 and 7r e 2 7 
decays (multiplied by 10 3 and 10 7 , respectively) over the Dalitz plot. 

Im[A P ] > 1CT 1 {lm[G P /G F ) ~ 3 x fCT 3 ). 

2.2 Constraint from tt — > Iv decays 

The interaction term (1) not only gives rise to T-violation in 7r — > decays 
but also contributes to the rate of tt — > Ivi decays. Since the ratio of leptonic 
decays of the pion has been accurately measured [8, 11, 12, 13], 

R = -* ^ ! ff* ^ W1 \ = (1-230 ± 0.004) x 10-' , (9) 

1 (7T — > /iZ/J + 1 (7T — > /i^7j 

the coupling constants Gp and G p are strongly constrained. Indeed, the 
standard (V — A) theory of electroweak interactions predicts 

R = ^ { r\~ ml L ( i + 5 )= i- 233 >< 10-4 > 
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Figure 3: Transverse lepton polarization due to FSI in 71^27 and Tr e 2 7 decays. 



where 5 is the radiative correction [14, 15, 16, 17]. The four-fermion interac- 
tion (1) changes the prediction 

R _ R \ l + A pI 2 _ R 1 + 2Re t A p] + (M&p}) 2 + (Im[Af>]) 2 
°|1 + A P | 2 °l + 2Re[Ap] + (Re[Ap]) 2 + (Im[Ap]) 2 ' 

Thus to the second order in Ap one obtains a constraint 

-2.9 x 1(T 3 < f(A%, A P ) < 0.4 x 10~ 3 (10) 

f{A% A P ) = Re[Ap - Ap] + ~ Re[Ap - A P ] Re[Ap - 3A P ] + 

+\ Im[Ap - Ap] Im[Ap + A p ] + 0(A 3 ) 

at 95% C.L. Constraints on T-violating correlations in ir^ decays, which 
result from Eq. (10), are model-dependent. Any constraints on the coupling 
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constants G p and Gp following from Eq. (10) are evaded, if there is a hier- 
archy in the coupling constants, 

GpjGp = m^/me . (11) 

Then the contributions to R cancel: indeed, if n — e hierarchy (11) is sat- 
isfied, then Ap = A p and the result for the ratio R coincides with the SM 
prediction. In this case any Im[Ap] are allowed, and though the decays 
we discuss are rare processes, Br(7r — > ev e l) = (1.61 ± 0.23) x 10~ 7 [9, 8], 
Br(-7T — > /xP M 7) = (2.00 ± 0.25) x 10" 4 [18], even experiments with relatively 
low pion statistics have chances to observe T-violation in 7T; 27 decays: the 
total number of charged pions should be N n > 10 8 for 7r e 2 7 and N n > 10 5 for 

7!>2 7 - 

Note that to the leading order in Ap, the bound (10) constrains only 
the real parts of the coupling constants G p and Gp entering Eq. (1), while 
constraints on imaginary parts are weaker. Thus, for general G p and Gp (if 
the hierarchy (11) does not hold, i.e., if there is no cancellation between Ap 
and A p ) one obtains | Re[Ap]| < 10~ 3 and | Im[Ap]| < 0.03. Hence in this 
case experiments aimed at searching for T-violation in decays should 
have sufficiently large statistics: the total number of charged pions should 
be N n > 10 11 for 7r e27 and N n > 10 8 for Note that in the 7r^2 7 case 

the contribution of the new interaction (1) to T-odd correlation is at best of 
the same order of magnitude as FSI effects. One can hope to discriminate 
between them only if they have different signs, i.e. Im[A p ] is negative (cf. 
Figures 1 and 3). 

In models with Re[Gp] ~ Im[Gp] and without hierarchy (11), the bound 
(10) from 7T — > Zzy decays implies |Im[Ap]| < 10~ 3 , which significantly con- 
strains possible contribution of the new interaction (1) to T-odd correlation in 
7rz2 7 decays. Namely, the contribution to the 7r e 2 7 decay should be of the same 
order or weaker than one from the Standard Model FSI. The constraint on 
A p means that the effect is at least two orders of magnitude smaller than the 
FSI effects in 7t m27 decay. Nevertheless, as we discussed, in the case of 7r e 2 7 
the difference in (x, y) distributions of FSI and four-fermion contributions 
may allow one to discriminate between the two if they are of the same order 
of magnitude, and even if the contribution of four-fermion interaction (1) is 
somewhat weaker. On the other hand, the experiment aimed at probing T- 
violation in 7r e 2 7 decay has to deal with very high pion statistics. Indeed, to 
test four-fermion interaction (1) at the level allowed by n — > ev e , i.e., at the 
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level of 10~ 3 , one has to collect not less than 10 13 charged pions, assuming 
statistical uncertainty only. For ir^-y decay, even though the branching ratio 
is not very small, the (x, y) distributions of FSI and four-fermion contribu- 
tions have similar shapes, while the expected effect is at least two orders of 
magnitude smaller than the FSI effects in n^-y decay, making it hardly pos- 
sible to detect new sources of T- violation in models without hierarchy (11) 
and with Re[Gp] ~ Im[G£]. 

Overall, in the case of the hierarchy (11), decays n — > Iv do not con- 
strain new T-violating interactions which can be searched for in relatively 
low statistics experiments, N n > 10 8 for 7r e27 and N n > 10 5 for 7t m27 . In 
the worst case of no hierarchy (11) and ReG P ~ ImGp, new T-violating 
interactions have little chance to be observed, and in 7r e27 decay only. 

3 A simple model: heavy pseudoscalar ex- 
change 

To illustrate that the hierarchy (11) may appear naturally in low-energy 
physics (thus the T-violating effects may be sufficiently large) we present 
below an example of a model which can lead to the effective interaction (1) 
with coupling constants obeying the hierarchy (11). As we show, this model 
may be considered as "proof by example" of the fact that in extensions of 
the Standard Model, large T-violating low-energy interaction (1) may arise 
without any contradiction to existing experiments. 

Let us assume that in addition to SM content there exists a heavy charged 
pseudoscalar field coupled to both lepton and quark sectors via the following 
Lagrangian 

C H = YijH*d ilb Uj + Y e Hv e (l + 75 )e + Y^Hu^l + 75 )/x + h.c. (12) 

The mass of the charged "extra Higgs" particle H is supposed to be of the 
order of M# ~ 1 TeV. We assume for simplicity that there are no mix- 
ing couplings in the leptonic sector. The new Yukawa coupling constants 
in the leptonic sector are supposed to obey the hierarchy Y^/Y e = m^/m e 
with accuracy of 1 4- 0.1% at the scale M H . Then even for the model with 
Re[K] ~ Im[Y], the bound from 7r — > Iv decays (10) gives no constraints 
on the contribution of the new interaction (12) to T-odd correlations in 7T; 27 
decays. 
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At energies below M H this Lagrangian leads to the following four-fermion 
interaction 

C Y = (G e Pij dij5Uj ■ P e (l + 7 5 )e + G Pij dij5Uj ■ z^(l + 75)^ 

+ G P e v e (l + 7 5 )e • p(l - 75)^ + h.c. j - GfijkiUi^dj ■ dklsVi ( 13 ) 
+ G£p e (l - 75 )e • e(l + 75 K + Gp%(l - 75 )/i • + 75 )z/ M , 

where 

V--V V V Y*Yui 

Y*Y Y*Y Y*Y 

The \i—e hierarchy is natural in this model, since the corresponding couplings 
Gp = G e PU and G p = G Pn emerge as a result of Yukawa (Higgs-like) 
interaction with heavy charged scalar. Assuming fj, — e hierarchy we obtain 

Im[A P ] = 500 • lm[Y ud Y e ] • (j^j = 2.5 ■ lm[Y ud Y^] ■ (^^j , (15) 

(1 T 'V \ ^ 
~rr) ■ (16) 

Though Im[Ap] is significantly larger than Im[Ap], the resulting contribu- 
tions to the T-odd correlations are of the same order. Indeed, the asymmetry 
Pt is determined by the product of Im[Ap] and the distribution function 
[av(x,y) — (TA(x,y)] (s ge Eq. (8)). The typical values of this function for 
7T2e 7 and 7T2 M7 decays (see Figure 1) exhibit the hierarchy inverse to one ap- 
pearing in Eqs. (15), (16). Thus one concludes that the large observable 
T- violating effect (of the order of 1 0.1) in both ir e2y and tc^ is possible if 
imp^yj ~ 1-0.1. 

In the following subsections we discuss the experimental constraints on 
the interaction (12). 

3.1 Muon decay 

If n — e hierarchy (11) holds, then the interaction (12) contributes to — > 
eu e u^ decay. The Standard Model contribution to the squared modulus of 
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the matrix element summed over spin states 

\M SM \ 2 = l2%G 2 F {pq 1 ){kq 2 ) 
has to be compared with the contribution from the interaction (13), 

|M^ = 64|G£ e | 2 ( Pg2 )(M , 
and with the interference contribution 

2M SM Re[M P } = 128Re[G^]%m / ,m e (g 1 g 2 ) . 

V2 

Here p, k, qi, g 2 are momenta of /x, e, P e , and v^, respectively. Integrating 
over neutrino momenta one obtains for the differential muon decay width 

(G 2 F + \G P e \ 2 /2)ml „ Re[G P e ]G F m e mi 

dT= K F 1 p [' ' tl (3-2e)e 2 de + _ M (l-e)ecfe, (17) 

96tt 3 V ; 8^2vr 3 V ' V ' 

where e = &°/^max = 2k°/m^. 

Experimental constraint on the coupling constant G p e entering this for- 
mula can be obtained from the data on the p parameter [8, 19], 



Po = 



M 2 W 



M 2 z c 2 z p(m t , M H ) ' 



which is the measure of the neutral to charged current interaction strength 
(here c z is cosine of Cabibbo angle in MS scheme, and p absorbs the SM 
radiative corrections). At one sigma level this parameter equals [8] 

- _ n qqqfi+o.ooii 

If we postulate that neutral current interactions are precisely the same as in 
the SM, then we allow new physics contribution to the muon decay width of 
the order of 

|Ar| <2(i-p )r 5 M 

(the factor 2 appears here because T ~ G\ ~ M^ 4 ). Comparing this devia- 
tion with the term proportional to \G p e \ 2 in Eq. (17) we obtain 

\G P e \ < 0.07G F . (18) 
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In fact, this is a fairly weak constraint. For example, setting — 1 and 
assuming fj, — e hierarchy, one obtains from Eq. (18) 



, jm e 1 



75 GeV . 



The account of the second term in (17) leads to even weaker constraint on 
Re[Gp e ]. So, constraints on the leptonic part of the Lagrangian (12) are very 
modest. 



3.2 - K° mixing 



K 



u,c,t 

^ 



H 



W 



K 



u,c,t 



Figure 4: Box diagram contributing to K°-K° mass difference. 



Let us estimate the contribution from the lagrangian (12) to the mixing 
parameters in neutral kaon system. These are Kl — K$ mass difference Am 
and CP-violating parameter e. They are expressed as follows, 



Am 



2Re(K°\H eS \K°) 



2m 



K 



lm(K°\H cS \K°) 
2Re(K \Hlf\K°) 



where H e g is the effective four fermion Hamiltonian, generated by the dia- 
gram of Figure 4 and H^ 1 is the effective Hamiltonian containing contribu- 
tions both from the diagram presented in Figure 4 and from the usual box 
diagram with two W bosons. We obtain 



U ts U* d Y ]S Y* d { [4d L -f 8L ■ d Ll »s L ]I 2 {m h m 3 ) 



i,j=u,c,t 



+ [16d R s L ■ d L s R - 4:d R a p ^s L ■ d L a pp ■s R ]I 1 (m i ,m j )} (19) 
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where U is the Cabibbo-Kobayashi-Maskawa mixing matrix, q R L = ^f-q 
and 



gpxhim^rrij) = i J 



with 



d A q 



= 9 P \ 



(2tt) 4 (q 2 - m 2 )( ? 2 - m 2 ){q 2 - M 2 ,)^ _ M |) 

-M 



2(4tt) 2 M 2 ^MhMhMh 
d A q 



TfliTflj 



(2tt)* (g 2 _ m 2 )(g2 _ m 2 ){g 2 _ M 2 w){q2 _ M | } 

rriimj . . m; m~ M w . 
-A-) 1 



(4tt) 2 M h * k Mh Mh M h 



_L 

= J dxd V dzdw ^[ X „ +V o^ Z+ .™ , -JZ > fc = l,2 



[a 2 x + /3 2 |/ + 7 2 z + 



We calculate the matrix elements of the operators in Eq. (19) by making 
use of the "vacuum saturation" approximation, where non-vanishing matrix 
elements are 



(K°\d L Ys L ■ d L <fs L \K°) = -m\f K , 



Therefore 



(K°\d R s L -d L s R \K°) 



mi Bl 
12 2 



Sic 



(K°\H cS \K°) = U ts U* d Y, s Y^x 

i,j=u,c,t 

m 2 K + QBq 



AM 2 H 



. rrii rrij M w 



m imj m 2 K A ^ m { rrij M w ^ . 



Mh M h ' M h 

For Mh ~ ITeV the second term in parenthesis is negligible even for t-quark 
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running in the loop. Thus we obtain 



Am = 



12{47c) 2 M H m K 



(21) 



x MUisU* d Y js Y* d } x A,( 



vrii rrij My/ 



) 



i,j=u,c,t 



9 2 P K {ml + QBl) 1 



x 



(22) 



24(4tt) 2 M2 Re(K°\Hlf\K } 



x MUi S U* d Y js Y* d ] x A ± ( 



rrii rrij M\y 



)• 



i,j=u,c,t 



M H ' Mh M h 



The contribution to the K° — K° mass difference (20) should be smaller than 
the experimental value Am = 3.489 x 10~ 12 MeV and CP-violating parameter 
e should not exceed the experimental value 2.271 x 1CT 3 , which are both 
consistently described by the CP violating CKM matrix in the Standard 
Model. This constrains the coupling constants Y^. 

The strongest constraint comes from the measurement of CP-violating 
parameter e, while, generally, the constraint from the Kl — K$ mass dif- 
ference is an order of magnitude weaker. If one assumes that all coupling 
constants Y^ are of the same order and have complex phases of order one, 
this measurement requires them to be less than 1CT 4 , and if we set Y^ — 1 
then one obtains Pt ~ 1CT 4 (see Eqs. (15), (16) and Fig. 1). Obviously, the 
situation changes for nontrivial structure of the Y matrix. If the coupling 
with the first generation quarks is larger than with the second generation, 
then Y ud (and, correspondingly, Ap) can be quite large, even if e is kept small. 
As an example the values \Y ud = 0.01 1 , \Y US \ = \Y cd \ = 10~ 5 , \Y CS \ = 10~ 4 are 
allowed. Another promising pattern is Y^ oc Uij, i.e. coupling constants Y 
are proportional to CKM matrix. This is the case if F-matrix is proportional 
to the unit matrix in gauge basis of quarks. The constraint disappears also 
in the case of aligned complex phases of Y^-; in that case, the constraint from 
kaon mass difference becomes important. And, of course, if Y is is zero, then 
there is no contribution to e and A m at all. 

Note that measurement of parameter e gives the strongest limit on our 
model in comparison with other CP-violating effects in kaon physics. Contri- 
bution to e'/e may be estimated following the lines of Ref. [20]. It is negligible 
for any parameters allowed by the requirement e < e SM . Transverse muon 
polarization in decay is relevant only for the special choice of Y ~ U, 
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since in this case the interaction 13 leads to Pt in this process of the same 
order as in 7r e27 . For other choices of Y transverse muon polarization in 
is much smaller than in pion decays. 

3.3 Neutron dipole moment 

In our model, heavy charged scalar particles give a contribution to neutron 
dipole moment at two-loop level (see Figure 5). The contribution of the 




Figure 5: Typical two-loop diagrams contributing to neutron dipole moment 
d n - 



diagrams in Figure 5 can be estimated as 

dn ^ Y dj U, d Y* k U* kl 

e 16tt 2 ^ 16tt 2 

i,j,k ^23) 

f (m 2 i ml m* M%, \ f mf m\ m 2 

" H J yM^i mJ' mJ' a7|~ J ^ " bk y \M%> mJ' mJ' J 
X M ' 

where dimensionless functions / and g are of order one. For rrii = lOMeV, 
M H ~ ITeV and Yij ~ 1 we have d n /e ~ lCT 27 cm, which is two orders 
of magnitude smaller than the current limit. For the second generation of 
quarks running in the loop we have rrii < lGeV, which still allows corre- 
sponding Yukawas to be of order 1. All special forms of Y matrix described 
in the previous subsection lead to acceptable contribution to neutron dipole 
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moment. Thus, the constraints on the parameters of the lagrangian (12) 
from K — K mass difference are more stringent than current bounds from 
neutron dipole moment measurements. 

To summarize the results of this section, the new interactions (12) cannot 
lead to significant T-violating effects in 7r/ 27 decays if the Yukawa couplings 
do not exhibit a special pattern. In that case the most stringent constraints 
come from the measurement of e-parameter. However, there are a number of 
special cases when these and other constraints do not apply, and T-violation 
in 7rz2 7 decays is allowed to be sufficiently large. Hence the lepton transverse 
polarization asymmetry in 7T/ 27 is an interesting probe of the structure of new 
interactions at TeV scale. 
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